Despite the connections of the retrosplenial cortex strongly suggesting a role in spatial memory, the lesion data to date have been equivocal. Whether subjects are impaired after retrosplenial lesions seems to depend on whether the lesions were aspirative or excitotoxic, with the latter failing to produce an impairment. A shortcoming of previous excitotoxic lesion studies is that they spared the most caudal part of the retrosplenial cortex. The present study thus used rats with extensive neurotoxic lesions of the retrosplenial cortex that encompassed the entire rostrocaudal extent of this region. These rats were consistently impaired on several tests that tax allocentric memory. In contrast, they were unimpaired on an egocentric discrimination task. Although the lesions did not appear to affect object recognition, clear deficits were found for an object-in-place discrimination. The present study not only demonstrates a role for the retrosplenial cortex in allocentric spatial memory, but also explains why previous excitotoxic lesions have failed to detect any deficits.
Although the functions of the retrosplenial cortex (Area 29) remain uncertain, there are reasons to suppose that this region contributes to memory processing. Evidence comes from clinical reports that show how damage involving the retrosplenial cortex can result in amnesia (Bowers, Verfaellie, Valenstein, & Heilman, 1988; Gainotti, Almonti, Di Betta, & Silveri, 1998; Rudge & Warrington, 1991; Valenstein et al., 1987; Yasuda, Watanabe, Tanaka, Tadashi, & Akiguchi, 1997) , and functional imaging studies have reported retrosplenial and posterior cingulate cortex activity during certain memory tasks (Maddock, 1999; Maguire, Frackowiak, & Frith, 1997; Matsunami, Kawashima, & Satake, 1989) . Attempts to define more precisely the functions of the retrosplenial cortex have relied on studies with animals in which it is more feasible to manipulate this region with precision. In the rat brain, Area 29 occupies an extensive region of cortex posterior to the anterior cingulate cortex (Area 24). Unlike the primate brain, there is no distinct posterior cingulate region (Area 23); thus, in the rat, Area 29 extends rostrocaudally from the level of the fornix to almost the caudal limit of the cerebral cortex (Vogt & Miller, 1983; Vogt & Peters, 1981) . As in the primate brain, there are good grounds for supposing that the rat retrosplenial cortex is involved in memory, with the majority of evidence pointing to a role in spatial memory (e.g., Cooper & Mizumori, 2001; Sutherland & Hoesing, 1993) .
Anatomical evidence for a role in spatial memory comes from the direct connections the retrosplenial cortex has with both the hippocampal formation and the anterior thalamic nuclei. Of these, the reciprocal connections with the anterior thalamic nuclei are especially numerous (Shibata 1993 (Shibata , 1998 . In view of the critical importance of both the hippocampus and the anterior thalamic nuclei for spatial memory processes, these connections appear to implicate the retrosplenial cortex in similar functions. Furthermore, single-unit recording studies have shown that the retrosplenial cortex, along with the anterior thalamic nuclei and the parasubiculum, contains "head direction" cells that are sensitive to the direction that an animal is facing (Chen, Lin, Green, Barnes, & McNaughton, 1994; Taube, 1995a Taube, , 1995b . The retrosplenial cortex has also been implicated in the generation of hippocampal theta rhythm (Destrade & Ott, 1982) , which is thought to be important in spatial memory processing (Pan & McNaughton, 1997; Skaggs & McNaughton, 1996) . In spite of such evidence pointing to a role in spatial processes, the effects of retrosplenial cortex lesions appear inconsistent and, in a number of studies, have had no apparent effect on tests of spatial learning and memory.
Initial studies that used aspiration lesions of the retrosplenial cortex in rats did produce clear deficits on standard spatial tasks such as T-maze alternation (Markowska, Olton, Murray, & Gaffan, 1989) and the Morris water maze task (Sutherland, Whishaw, & Kolb, 1988; Whishaw, Maaswinkel, Gonzalez, & Kolb, 2001 ). In contrast, later studies with rats that used excitotoxins to produce more selective, bilateral lesions of Area 29 consistently failed to find any evidence of an impairment on these and other spatial tasks (Aggleton, Neave, Nagle, & Sahgal, 1995; Neave, Lloyd, Sahgal, & Aggleton, 1994; Warburton, Aggleton, & Muir, 1998) . These null findings were not simply the consequence of smaller lesions. For example, the study by Warburton et al. (1998) involved Area 29 lesions that were more extensive than in any previous study, including those using conventional lesions, yet no impairment was detected. A plausible explanation for these variable results is that the deficits found in those studies with conventional lesion techniques were a consequence of damage to the adjacent cingulum bundle. Support for this view comes from a number of studies into the effect of selective cingulum bundle lesions on spatial memory tasks (Aggleton et al., 1995; Neave, Nagle, & Aggleton, 1997; Warburton et al., 1998) . Consistent with this, studies that have directly compared the effects of electrolytic or neurotoxic cingulate cortex lesions in mice have found different patterns of results, with the electrolytic lesions resulting in greater impairments (Meunier & Destrade, 1988 . Although these data may partly explain the lack of consistent Area 29 lesion effects, they still fail to explain why, on the basis of other forms of evidence (e.g., electrophysiological and anatomical), there is such good reason to suppose that the retrosplenial cortex is important for spatial memory tasks.
Two obvious explanations for this anomaly are (a) that previous Area 29 lesions have been incomplete and the spared tissue was sufficient to support performance, and (b) that the retrosplenial cortex is important only for aspects of spatial memory performance that are not taxed by standard tasks (Cooper & Mizumori, 1999) . The present study examined the first of these two explanations. Evidence that this is plausible comes from the fact that the agranular and dysgranular regions of Area 29 extend from the fornix to near the caudal limit of the cerebral cortex, and the fact that the large majority of lesions spare most of Area 29 caudal to the splenium. The possible importance of this spared tissue is highlighted in a recent c-fos imaging study (Vann, Brown, & Aggleton, 2000) , which showed that the performance of a spatial working memory task resulted in increased activity along the length of the retrosplenial cortex. Thus, in the present study, rats with unusually extensive Area 29 lesions were tested on a number of behavioral tasks, including the standard working memory version of the radial arm maze task and the reference memory task in the Morris water maze, both of which are sensitive to anterior thalamic lesions (Aggleton, Hunt, Nagle, & Neave, 1996; Byatt & Dalrymple-Alford, 1996; Warburton & Aggleton, 1999) and hippocampal lesions (Jarrard, 1983; Morris, Garrud, Rawlins, & O'Keefe, 1982) . For contrast, rats were also run on an egocentric discrimination task. Last, the rats were tested on spontaneous object-in-place and object recognition tasks, which rely on the natural behavior of rats to explore novel objects and novel arrangements of objects, respectively.
General Method

Subjects
Subjects were 24 male pigmented rats (dark agouti strain; Harlan, Bicester, UK) weighing between 235 g and 265 g before surgery. The rats were housed in pairs and given free access to water throughout the study. All experiments were performed in accordance with the United Kingdom Animals (Scientific Procedures) Act, 1986 and associated guidelines.
Surgery
The rats were deeply anesthetized by intraperitoneal injection (60 mg/ kg) of sodium pentobarbitone. Each rat in the group of 14 that received retrosplenial cortex lesions (Rsp) was then placed in a stereotaxic headholder (Kopf Instruments, Tujunga, CA), and its scalp was cut and retracted to expose the skull. The lesions were made by injecting a solution of 0.09 M N-methyl-D-aspartic acid (NMDA; Sigma, Poole, UK) dissolved in phosphate buffer (pH 7.2). Injections were made in five sites per hemisphere with a 1-l Hamilton syringe (Reno, NV). The stereotaxic coordinates of the lesion placements relative to the ear bar set at zero were (from the most anterior to the most posterior): AP ϩ4.3, L Ϯ0.7; AP ϩ2.6, L Ϯ0.7; AP ϩ0.9, L Ϯ0.7; AP ϩ0.9, L Ϯ1.0; and AP Ϫ0.2, L Ϯ1.1. The depth (in millimeters), from the top of cortex at the five sites was 1.7 (most rostral), 1.7, 2.2, 1.2, and 1.6 (most caudal). Bilateral injections of 0.30 l of 0.09 M NMDA were made in the first four sites, and 0.35 l was injected in the most caudal site. At the completion of all surgeries, the skin was sutured, and an antibiotic powder (Acramide; Dales Pharmaceuticals, Skipton, UK) was applied topically. The rats also received subcutaneous injections of 5.00 ml glucose-saline and 0.01 ml analgesia (Temgesic, Reckett and Colman, Hull, UK). The 10 rats that served as surgical controls (shams) received the same procedure and drugs as the rats that received lesions. This involved the needle being lowered into the same coordinates, but without the injection of NMDA.
Histology
On completion of the experiments, the rats were deeply anesthetized with sodium pentobarbital (1mg/kg) and perfused transcardially with 0.1 M phosphate-buffered saline followed by 5% (vol/vol) Formol-saline. The brains were removed and postfixed in 5% Formol-saline and then transferred to 25% (wt/vol) sucrose overnight. Coronal sections were cut at 40 m on a freezing microtome, and a one-in-three series of sections was mounted onto gelatin-coated slides and stained with cresyl violet, a Nissl stain.
Histological Analysis
All of the 14 lesion surgeries except 1 resulted in extensive bilateral cell loss in Area 29. In this 1 case, the damage was unusually restricted, and so it was removed from all further analyses. In no case was there visible damage to the fornix, cingulum bundle, or corpus callosum. Figure 1 shows the extent of the largest and smallest of the 13 remaining retrosplenial lesions, and Figure 2 shows the retrosplenial lesion with the median extent of total damage. Within the boundaries of the lesion, neurons were frequently absent, but any remaining neurons were shrunken and had a highly abnormal appearance (see Neave et al., 1994; Warburton et al., 1998) . Figures 25, 27, 29, 31, 33, 35, 37, 39, 41, 43, 45, 47, 49, and 53) , by G. Paxinos and C. Watson, 1997, New York: Academic Press. Copyright 1997 by Academic Press. Adapted with permission.
As planned, the retrosplenial cortex lesions extended more caudally than previous examples of posterior cingulate-retrosplenial excitotoxic lesions in rats (e.g., Warburton et al., 1998) . Damage to Area 29 typically extended from AP -1.80 to AP -7.80 from bregma (Paxinos & Watson, 1997) . Both agranular and dysgranular subfields of Area 29 were involved in the lesion, although the dysgranular subfields were usually involved to a greater extent. In all cases, retrograde cell degeneration was found in the anterior thalamic nuclei. This was concentrated in the anteroventral thalamic nucleus at the border with the anteromedial thalamic nucleus (see Neave et al., 1994) . In 6 cases, unilateral damage was found in a restricted part of the dorsal dentate gyrus or field CA1 (Figure 1 ). The damage to field CA1 occurred in the dorsal part nearest the subiculum. In 4 of these cases, there was additional damage to the dorsal subiculum or the very dorsal part of the postsubiculum, immediately adjacent to the retrosplenial cortex, but again, this was unilateral. The 6 cases in which there was additional damage to part of the hippocampus and/or subiculum were grouped separately and compared with the 7 cases in which the damage was restricted to the retrosplenial cortex. The extent of retrosplenial cortex damage was comparable in these two subgroups. Thus, for those subsequent group analyses in which rats in the Rsp group were impaired, we examined the subgroups separately, that is, those with lesions confined to the retrosplenial cortex (Rsp-r) and those with additional damage to part of the hippocampal formation.
Experiment 1: Radial Arm Maze
Method
Subjects and apparatus. Before training, the rats were food deprived to 85% of their free-feeding body weight, and water remained available ad libitum. Testing was performed in an eight-arm radial maze. The maze consisted of an octagonal central platform (34.0 cm in diameter) with eight equally spaced radial arms (87.0 cm long, 10.0 cm wide). The floor of the central platform and the floors of the eight arms were made of wood, and the arm walls (24.0 cm high) were made of clear Perspex. Close to the furthest end of each arm was a food well (2.0 cm in diameter and 0.5 cm deep). At the start of each arm was a clear Perspex guillotine door (12.0 cm high) that controlled access to and from the central platform. Each door was attached to a pulley system that enabled the experimenter to control access to the arms. The maze was in a rectangular room (295 cm long ϫ 295 cm wide ϫ 260 cm high) that contained salient visual cues such as geometric shapes and high-contrast stimuli on the walls.
Behavioral training. Pretraining for the radial arm maze began 2 weeks after surgery and involved three habituation sessions in which the rats were allowed to explore the maze freely for 5 min per session, with the guillotine doors raised and food pellets (45 mg; Purified Rodent Diet, Noyes, Hampton, Middlesex, UK) scattered down the arms. Formal training lasted for 18 sessions and consisted of two stages.
Stage 1 (Sessions 1-12) was the standard working memory version of the radial-arm maze task (Olton, Walker, & Gage, 1978) in which the rats' optimal strategy was to retrieve the reward pellets from all eight arms without reentering any previously entered arms. At the start of a trial, each of the eight arms was baited with a single food pellet. The rat made an arm choice and then returned to the central platform. All the doors were then closed for about 5 s before being opened again, permitting the rat to make another choice. This continued until all eight arms had been visited. The number of sequential choice responses, defined as successive choices involving immediately adjacent arms in a constant direction, was calculated. Sequential choice responses were measured by giving the rat a score of ϩ1 (clockwise) or -1 (counterclockwise) if the arm entered was immediately adjacent to the previous choice and 0 for any other arm choice. A higher absolute score would therefore reflect the use of a sequential response strategy (Ennaceur & Aggleton, 1997; Olton & Samuelson, 1976) .
Stage 2 (Sessions 13-18) was designed to control for the possible use of intramaze cues in performing the task. The start of the session was as before, but after the rat had made four correct choices, it was removed from the maze. The rat was placed in a traveling box that had an aluminum top, base, and sides (10 cm wide ϫ 10 cm high ϫ 26 cm long) which was also located in the testing room. The maze was then rotated by 45°, and the remaining food pellets were moved, so that they were still in the same allocentric locations but in different arms. The rat was then returned to the central platform after the 60 s that it took to rotate the maze, and the session continued until all reward pellets had been retrieved.
Results
After histological analyses, the groups comprised 10 sham and 13 Rsp rats. When the first 12 days (Stage 1) of the radial arm maze task were analyzed for the number of correct arm entries out of the first eight, there was a highly significant effect of group, F(1, 21) ϭ 39.6, p Ͻ .01 (see Figure 3) . There was also a group difference when the analyses used the total number of errors in each trial, F(1, 21) ϭ 32.1, p Ͻ .01 (see Figure 3 ). An analysis of the sequential choice responses showed no group difference, F(1, 21) ϭ 1.1, p Ͼ .10. In addition, the mean sequential choice scores for both groups were low (Rsp ϭ 0.90 Ϯ 0.08; sham ϭ 1.20 Ϯ 0.09), showing they were not using a simple response strategy.
The last 6 days of testing (Stage 2) were analyzed separately, as these trials included a rotation of the maze after the first four choices. For these 6 days, there was a significant effect of group on the number of correct entries in the first eight entries for the entire trial, F(1, 21) ϭ 35.1, p Ͻ .01, as well as the total number of errors, F(1, 21) ϭ 33.6, p Ͻ .01. There was also a highly significant effect of group when the arm choices made after the maze rotation were analyzed separately, as reflected in the number of correct entries in the first four entries, F(1, 21) ϭ 25.6, p Ͻ .01, and the total number of errors, F(1, 21) ϭ 32.3, p Ͻ .01.
To determine whether the rats were using allocentric cues, we considered the first arm choice after each maze rotation separately and assigned a score of 1 for a correct entry and 0 for a reentry (maximum score of 6). At this stage, four arms had already been entered, so there was a 50% chance of getting this first arm entry correct. Inspection of the confidence intervals (95%) for the first entry after rotation showed that both groups performed above chance levels. Nevertheless, a comparison of the first arm entry after maze rotation showed a significant effect of group, MannWhitney U(10, 13) ϭ 29.0, p Ͻ .05, with the sham group making more correct entries (means: sham ϭ 90.0% Ϯ 3.7%; Rsp ϭ 73.1% Ϯ 5.0%).
In view of the highly significant group differences on some tests, we performed additional analyses to compare the performance of the sham group with the Rsp-r group. The group difference in Stage 1 (first 12 sessions) was still significant for the number of correct arm entries in the first eight choices, F(1, 15) ϭ 28.0, p Ͻ .01 (sham ϭ 7.4 Ϯ 0.1, Rsp-r ϭ 6.76 Ϯ 0.1), as well as the total number of errors, F(1, 15) ϭ 22.0, p Ͻ .01 (sham ϭ 0.8 Ϯ 0.1, Rsp-r ϭ 2.1 Ϯ 0.2). The same pattern of results was also found in Stage 2, as there were significant group differences for the number of correct arm entries, F(1, 15) ϭ 46.5, p Ͻ .01 (sham ϭ 7.5 Ϯ 0.1, Rsp-r ϭ 6.4 Ϯ 0.1 ); the total number of errors, F(1, 15) ϭ 53.9, p Ͻ .01 (sham ϭ 0.7 Ϯ 0.1, Rspr ϭ 3.1 Ϯ 0.3); and the correct entries made in the first choice after maze rotation, Mann-Whitney U(7, 10) ϭ 8.0, p Ͻ .01 (sham ϭ 90.0% Ϯ 3.7%, Rsp-r ϭ 66.7% Ϯ 6.3%).
Experiment 2: Cross-Maze (Egocentric Discrimination)
Method
Subjects and apparatus. The rats remained food deprived to 85% of their free-feeding body weight for this experiment. Testing for the crossmaze task was performed in a modifiable four-arm (cross-shaped) maze. The four arms (70 cm long, 10 cm wide) were made of wood, and the walls (17 cm high) were made of clear Perspex. At any time, one of the arms could be blocked off to form a T-shaped maze. Aluminum barriers could be positioned approximately 25 cm from the end of each arm to create a start area. The entire maze was supported by two stands (94 cm high). The maze was situated in a rectangular room (255 cm long ϫ 330 cm wide ϫ 260 cm high) that also had salient visual cues on the walls.
Behavioral training. The egocentric task was started 3 days after the completion of the radial arm maze task. Each rat received 12 consecutive trials a day. One of the four arms was randomly selected as the start arm for each rat, and the opposite arm was blocked off, thereby creating a T-maze. One of the arms of the resultant T-maze was baited with a single food pellet (45 mg; Noyes Purified Rodent Diet), so that the rat was rewarded for always selecting the arm in a given direction (always left or always right). After reaching the end of the chosen arm, the rat was placed at the end of another randomly chosen arm, and the process was repeated. The direction to be rewarded was decided on the 1st trial of the first session, when neither arm had been baited. The direction that the rat chose was noted, and for all continuing trials, the rat was rewarded only if it turned in the opposite direction. This was to ensure that rats were not being rewarded for following any prior bias. Each subject was tested until it had reached a criterion level of 30 or more correct responses over three consecutive sessions (36 trials).
Results
Acquisition performance was scored as the number of errors and the number of trials to the criterion of 30 correct out of 36. There was no effect of group on number of errors (sham ϭ 21.7 Ϯ 5.0, Rsp ϭ 22.9 Ϯ 3.9; F Ͻ 1) or number of trials (sham ϭ 73.2 Ϯ 9.5, Rsp ϭ 68.3 Ϯ 6.9; F Ͻ 1).
Experiment 3: Water Maze
Method Subjects and apparatus. For this and the remaining experiments, both food and water were available ad libitum. The water maze (2 m in diameter, 60 cm deep) was made of white fiberglass and was mounted 58 cm above the floor. The pool was filled with water (24 Ϯ 1°C ) made opaque by the addition of 2 L of milk. An escape platform (10 cm diameter, 2 cm below water surface) could be placed in the pool. The pool was in a room (4.4 m ϫ 4.0 m) lit by 500-W floodlights, with salient cues on the walls. The paths of the rats were tracked with a video camera suspended directly above the pool and were recorded on videotape. Data were collected and analyzed on-line with an HVS image analyzer connected to an Archimedes RISC computer that used Watermaze software (Spooner, 1994) .
Behavioral training. The rats were tested on a reference memory task in the water maze. In this task, the platform position remained constant for each subject throughout all trials, and the start positions changed from trial to trial. Four platform positions were used (north, south, east, and west); the platform positions and start positions were counterbalanced across the groups. The acquisition stage consisted of 10 days, with four trials a day. Each trial was terminated when the rat located the submerged platform or after 120 s had elapsed. The final day (Day 11) consisted of a 60-s probe trial in which the platform was removed. The rats were transported between the holding room and water maze in an opaque, aluminum traveling box. They were also placed in the opaque holding box in between each trial.
Results
Acquisition. Analysis of the path lengths for the acquisition days revealed a significant main effect of group, F(1, 21) ϭ 10.0, p Ͻ .01, as the total path lengths for the Rsp group were longer than for the sham group (M ϭ 8.7 m and 5.9 m, respectively; see Figure 4 ). In view of these differences, additional analyses were performed between the Rsp-r and sham groups. There was a significant group difference, F(1, 15) ϭ 5.9, p Ͻ .05, as the total path lengths for the Rsp-r group (M ϭ 8.3 m) was again longer than that of the sham group. Analysis of the swim speeds for the acquisition period showed that there was no significant group difference between the Rsp and sham groups (F Ͻ 1). The percentage of time spent by rats swimming within 15 cm of the side walls of the pool during the first 2 days of acquisition did not differ between the two groups, as shown by a lack of main effect of group, F(1, 21) ϭ 1.9, p Ͼ .10.
Acquisition probes. The 60-s probe trial took place on the day after the completion of the 10-day acquisition series. The rats spent a large proportion of the time in the quadrant in which the platform had been placed during acquisition (sham ϭ 44.7%, Rsp, ϭ 38.3%), as shown by a significant effect of quadrant, F(3, 63) ϭ 31.5, p Ͻ .01. There was, however, no significant difference between the Rsp and sham groups in the amount of time spent in the training quadrant, F(1, 21) ϭ 2.6, p Ͼ .10. Analysis of the number of annulus (platform) crossings made in the 60 s did, however, show a significant group difference, Mann-Whitney U(10, 13) ϭ 16.0, p Ͻ .01, as the sham group made more crossings than the Rsp group (M ϭ 4.4 and 2.1, respectively). Analysis of the first 30 s of the probe trial revealed a significant group difference in the percentage of time spent in the training quadrant, F(1, 21) ϭ 5.3, p Ͻ .05 (see Figure 5A) , as well as the number of annulus crossings, Mann-Whitney U(10, 13) ϭ 20.0, p Ͻ .01 (see Figure 5B ). This group difference remained significant when the Rsp-r group was compared with the sham group, Mann-Whitney U(7, 10) ϭ 14.5, p Ͻ .05.
Experiment 4A: Object-in-Place
Method Apparatus. The apparatus was an open arena (100 cm long ϫ 100 cm wide ϫ 50 cm high), made of wood and painted gray. The floor was covered with sawdust. A video camera, positioned above the arena, was connected to a monitor and video recorder that were placed behind a screen. From there, the experimenter was able to observe and measure the rats' behavior. The experiment used duplicate sets of four different objects that were made of glass, metal, or plastic. They included items such as drink cans, beer bottles, coffee jars, and candlestick holders, ranging from 13 cm to 21 cm high. When necessary, objects were filled with sand or rice and sealed, so that they could not be displaced by the rats.
Behavioral training. All rats were given two habituation sessions that involved placing the rat in the arena for 10 min. Before the test session, four different objects were placed in the square arena, one in each corner, 10 cm from the edges. The initial "sample phase" lasted until the rats had explored the objects for a total of 50 s or until 360 s had passed. The total time taken in the sample phase (e1) was recorded. Exploration of an object was defined as the rat touching the object with its nose or directing attention to it at a distance of 2 cm or less. Scoring was done without knowledge of the rat's group assignment. At the end of the sample phase, the rat was removed from the arena and returned to its home cage.
After a delay of 15 m, the rat was reintroduced to the arena for the choice phase. Replicas of the original items were placed in the arena, but on one side the two objects were interchanged, so that they were in different positions in the arena. This choice phase lasted for 5 min, and the time spent exploring both of the objects on each side of the arena was recorded. From these results, two measures were calculated. The first was the discrimination index (d1), which was the difference in time spent exploring the objects that had moved position (novel) and those that had remained in the same location (familiar). The second was the discrimination ratio (d2), which was the proportion of the time spent exploring the novel arrangements (i.e., d1 divided by the total time spent exploring all objects). These different scores, therefore, give a more complete picture of the rats' exploration patterns, as they are able to give absolute differences (d1) and a measure that takes into account each rat's individual level of exploration (d2; Ennaceur & Aggleton, 1997) . All subjects had two test sessions that were 48 hr apart and involved different sets of objects. The side (left or right) of the novel arrangement in the choice phase was balanced across sessions. 
Results
Overall levels of exploration. There was no group difference in total time taken to explore the objects for 50 s in the sample phase (e1; see Figure 6A ) or in the time spent exploring the objects in the choice phase (e2; see Figure 6B ; ps Ͼ .10).
Discrimination. As there was no difference between the two test sessions (F Ͻ 1), their results were combined in an overall analysis. All 5 min of the choice phase were included in the initial analyses. An analysis of variance using d1 showed a main effect of group, F(1, 42) ϭ 10.3, p Ͻ .01, as the sham group spent longer exploring the displaced objects (see Figures 6C and 6D) . The same pattern of results was also found when the Rsp-r group was compared with the sham group, F(1, 32) ϭ 44.1, p Ͻ .01. An analysis of variance using d2 also revealed a significant group difference, F(1, 42) ϭ 7.3, p Ͻ .05, as the discrimination ratio was greater for the sham group (sham ϭ 0.17 Ϯ 0.05, Rsp ϭ Ϫ0.02 Ϯ 0.05). Again, this same pattern was found with just the Rsp-r group, F(1, 32) ϭ 27.3, p Ͻ .01. There was no Group ϫ Minute interaction with either measure ( ps Ͼ .20). The sham group was shown to be discriminating the novel arrangement, as d1 was above chance on the basis of 95% confidence intervals. In contrast, the Rsp group failed to respond differentially to the displaced objects, as d1 was not above chance for any of the 5 min of the exploration session.
Experiment 4B: Object Recognition
Method
Apparatus. This experiment used the same arena as that used for the object-in-place task. The stimuli consisted of six copies of one object and two copies of a different object. All objects were made of ceramic and ranged in height from 14 cm to 16 cm.
Behavioral training. In the initial sample phase, four identical objects were placed in each of the four corners, 10 cm from the edges, one object per corner. The sample phase lasted until the rats had explored the objects for a total of 25 s or until 300 s had elapsed. The total time taken in this sample phase (e1) was recorded. This was followed by a delay of 15 min, during which the rats were returned to the home cage. The rats were then reintroduced into the arena for the choice phase, in which replicas of two of the original objects were placed on one side of the arena and two novel objects were placed on the other side. This choice phase lasted for 5 min, and the time spent exploring the two novel and two familiar objects (e2) was recorded. The data analysis was the same as for Experiment 4A. All rats had two test sessions that were 48 hr apart and involved different sets of objects. The side (left or right) of the novel objects in the choice phase was balanced across sessions. In the present study, four objects were used in both the test and sample phases to ensure comparability to the objectin-place task.
Results
Overall levels of exploration. There was no group difference in total time taken to explore the objects for 25 s in the sample phase (e1; see Figure 7A ). Furthermore, e2 (see Figure 7B ) also did not differ (both Fs Ͻ 1).
Discrimination. Again, as there was no difference between the two test sessions (F Ͻ 1) their results were combined for the final analyses. The results showed that both groups of rats were able to discriminate between the novel and familiar objects, as analyses of the confidence levels (95%) showed a preference of both groups for the novel objects. An analysis of variance using d1 revealed no effect of group, F(1, 44) ϭ1.5, p Ͼ .10 (see Figures 7C and 7D ). There was a highly significant effect of minute, F(4, 176) ϭ 108.0, p Ͻ .01, as the level of exploration of the novel object was highest in the first minute for both groups (see Figure 7C ). An analysis using the d2 showed no significant group effect, F(1, 44) ϭ 2.3, p Ͼ .10 (sham ϭ 0.16 Ϯ 0.05, Rsp ϭ 0.08 Ϯ 0.04), and there was no effect of time with this measure (F Ͻ 1). The was no Minute ϫ Group interaction with either the d1 or d2 measure (Fs Ͻ 1).
General Discussion
The present study looked at the effects of unusually complete cytotoxic retrosplenial cortex lesions on various tasks that are dependent on spatial memory (both allocentric and egocentric), as well as a test of object recognition. The results show that extensive retrosplenial cortex lesions can consistently impair performance on tests that tax allocentric spatial memory. This impairment was not due to a gross learning disability, as the same lesions did not affect the learning of an egocentrically based rule. This pattern of results can be compared with more rostral, bilateral cytotoxic lesions of the retrosplenial cortex, which have consistently had no apparent effect on selected tests of spatial memory (Aggleton et al., 1995;  Asterisks indicate a significant difference between groups (*p Ͻ .05, **p Ͻ .01). Neave et al., 1994; Warburton et al., 1998) . For this reason, we can safely assume that the present deficit was not due to the disruption of the cingulum bundle, as this would have been common to both sets of studies. Likewise, the restricted degeneration in the anterior thalamic nuclei is unlikely to account for the present deficits, as a comparable amount of degeneration was found in these previous studies. These include the acquisition of reference memory in the water maze (Warburton et al., 1998) . The impairment seen in the present study is not due to the restricted unilateral hippocampal damage that occurred in some cases, as there was no difference between the subgroups with or without this extra damage on any of the tasks, and exactly the same pattern of results was found when the rats with additional unilateral damage were removed from the analyses. Although it is clear that lesions to the retrosplenial cortex affect performance on spatial tasks, it must also be noted that the size of this deficit, on reference memory in the water maze for instance, is much smaller than that seen after combined hippocampal and subiculum lesions (Morris et al., 1982; Morris, Schenk, Tweedie, & Jarrard, 1990; Moser, Moser, Forrest, Andersen, & Morris, 1995) . This difference in lesion effect size is consistent with the fact that there are parallel routes by which cortical information reaches the hippocampus, and that these may lessen the effect of damage to any one specific route (Aggleton, Vann, Oswald, & Good, 2000) .
The Rsp-lesioned rats were impaired on the working memory version of the radial arm maze task, making significantly more errors than the surgical control group. An analysis of the arm choices showed that neither group relied on a simple egocentric strategy to perform the task. Consistent with this, both groups performed above chance after maze rotation, indicating that the rats used allocentric cues to perform the task effectively. The lesion group did, however, make significantly more errors on this first entry after rotation, which could mean that this group was not solely reliant on allocentric cues and had used an additional strategy when performing the task normally. Another possibility is that they might have had a less efficient allocentric memory for the visited arms that was more easily disrupted by the rotation manipulation, and it is this second account that best concurs with their performance in the Morris water maze. The lesioned rats needed longer swim paths to locate the hidden platform during the acquisition stage of the Morris water maze task, although they did show improvement and subsequently displayed a preference for the training quadrant on the probe test. The difference in the number of annulus crossings, however, suggests that, although the lesioned rats had learned the general location of the platform, they had not learned its exact location to the same degree of precision as the controls. This pattern of results is similar to that found after selective cingulum bundle lesions: Rats showed slower learning during the acquisition stage and made fewer annulus crossings during the probe session (Warburton et al., 1998) . Rats with restricted lesions of the anterior thalamic nuclei were similarly impaired on the acquisition of the same task, but, on the probe trial, there was no significant group difference in the time spent in the training quadrant, although they made significantly fewer annulus crossings (Warburton & Aggleton, 1999) . These other findings are relevant not only because of the close anatomical links between the anterior thalamic nuclei and the retrosplenial cortex (via the cingulum bundle), but also because the studies used rats of the same strain and used the same procedure and apparatus, thus maximizing comparability.
The Rsp-lesioned rats spent significantly less time than controls in exploring the displaced objects in the object-in-place task, and this was in contrast to the object recognition task, in which there was no difference between the two groups in the amount of time spent exploring the novel objects. A similar pattern of results was found in rats with lesions centered in the anterior thalamic nuclei (Wilton, Baird, Muir, Honey, & Aggleton, 2001 ), a region with dense interconnections with the retrosplenial cortex. It is tempting to draw direct comparisons with studies of monkeys that were trained on a task also referred to as object-in-place. It was found that acquisition of this other task is sensitive to damage to both the anterior thalamic nuclei (Parker & Gaffan, 1997) and fornix (Gaffan, 1994) . In contrast, extensive cingulate cortex lesions (Area 23 and Area 24) did not affect task performance (Parker & Gaffan, 1997) . Although this result may seem contrary to the present finding, the object-in-place task given to monkeys involved discriminating visual items on a computer screen that were paired with specific backgrounds (Parker & Gaffan, 1997) . For this reason, it differs from the present study, which required the subjects not only to identify and remember the location of a specific object, but also to monitor its own changes in location. The present results provide evidence for a selective impairment on tasks that tax aspects of allocentric spatial memory while sparing performance on other spatial and nonspatial tasks. Some of these results are comparable to those found by Sutherland et al. (1988) , who also reported that retrosplenial cortex lesions result in deficits on the water maze task. A key difference in these studies, however, is that their lesions were made partly with an aspiration technique, which is likely to result in damage to the cingulum bundle. In contrast, the lesions in the present study were made exclusively with excitotoxins and so are thought to spare this fiber tract. The results from the present study do, however, appear to differ from previous studies of excitotoxic retrosplenial cortex lesions, which have typically found no impairment on other tests of spatial memory such as T-maze alternation and a reference memory task in the water maze (Aggleton et al., 1995; Neave et al., 1994; Warburton et al., 1998) . This discrepancy is most likely a consequence of the fact that the lesions in the present study included almost the entire extent of the retrosplenial cortex, whereas there was significant caudal sparing in all previous excitotoxic lesion studies (Neave et al., 1994; Warburton et al., 1998) . Although the studies by Neave et al. (1994) and Warburton et al. (1998) removed the same amount of retrosplenial cortex as those made by aspiration (Sutherland et al., 1988) , damage to the cingulum bundle in the aspiration cases would have effectively disconnected many of these more caudal retrosplenial regions and so produced a larger effective lesion. This interpretation is supported by the effects of cingulum bundle lesions (Aggleton et al., 1995; Neave et al., 1997; Warburton et al., 1998) .
Given that extensive lesions of the retrosplenial cortex result in a spatial memory deficit, whereas those restricted to the more rostral parts may not affect performance, it might be concluded that the caudal part of this region alone is crucial for allocentric spatial memory functions. Although this remains to be tested empirically, findings from recent imaging studies implicate the entire extent of this region . Increased c-fos activation was seen in both rostral and caudal levels of the retrosplenial cortex as a result of performing the standard radial arm maze task, and the size of this increase was comparable in both regions . This suggests that both the rostral and caudal retrosplenial cortex contribute to this task and that a complete loss of this entire region is required to observe a reliable deficit.
In a related study that looked at the effects of retrosplenial cortex inactivation (using infusions of tetracaine) on radial arm maze performance (Cooper & Mizumori, 1999) , an impairment was found, but only when testing was carried out in the dark. This was confirmed in a second study, which showed that retrosplenial cortex inactivation also impaired initial learning when it took place in the light (Cooper & Mizumori, 2001 ). The authors concluded that the retrosplenial cortex is necessary for path integration, as it encodes mnemonic representations of visual and nonvisual stimuli, thus aiding the subject's movements (Cooper & Mizumori, 1999) . This would be especially pertinent when performing the radial arm maze in the dark because the subjects would be more reliant on self-motion cues and information from head direction cells. It is difficult to make direct comparisons with the present study, however, as the study by Cooper and Mizumori (1999) could not specify the rostral-caudal extent of inactivation in the retrosplenial cortex, making it difficult to determine whether the entire region was affected or whether more caudal parts were left functional. Nevertheless, the notion that the retrosplenial cortex contributes to both path integration as well as allocentric processing is supported by a recent aspiration lesion study (Whishaw et al., 2001) .
Although previous studies in rats have produced a confusing picture of the effects of retrosplenial cortex lesions on allocentric spatial tasks, the present findings help to explain the apparent inconsistencies. They also help to explain the anomaly that the retrosplenial cortex should have such rich connections with other sites involved in spatial memory processes yet apparently have so little importance itself. This result is of added interest, as clinical studies have increasingly implicated the posterior cingulate and retrosplenial cortices in topographical amnesia and disorientation (Cammalleri et al., 1996; Katayama, Takahashi, Ogawara, & Hattori, 1999; Maguire, 2001; Takahashi, Kawamura, Shiota, Kasahata, & Hirayama, 1997) . Humans with topographical amnesia are able to navigate in familiar surroundings but get lost when in a new environment. They are also unable to learn new associations between landmarks and find it difficult to get from one place to another (De Renzi, Faglioni, & Villa, 1977) . These reported cases are of particular interest given their similarity to spatial memory impairments in animals and therefore provide further cross-species evidence for the role of the retrosplenial cortex region in spatial processing and memory.
